Exocytosis of synaptic vesicles is rapidly followed by compensatory plasma membrane endocytosis. The efficiency of endocytosis varies with experimental conditions, but the molecular basis for this control remains poorly understood. Here, the function of dynamin 1, the neuron-specific member of a family of GTPases implicated in vesicle fission, was investigated with high temporal resolution via membrane capacitance measurements at the calyx of Held, a giant glutamatergic synapse. Endocytosis at dynamin 1 KO calyces was the same as in wild type after weak stimuli, consistent with the nearly normal ultrastructure of mutant synapses. However, following stronger stimuli, the speed of slow endocytosis, but not of other forms of endocytosis, failed to scale with the increased endocytic load. Thus, high level expression of dynamin 1 is essential to allow the slow, clathrin-mediated endocytosis, which accounts for the bulk of the endocytic response, to operate efficiently over a wide range of activity.
A distinctive property of presynaptic terminals is their high endocytic capacity. This property, which allows rapid recycling of synaptic vesicle membranes, enables synapses to function reliably even during high frequency axonal firing (1) (2) (3) (4) . A major pathway of synaptic vesicle membrane retrieval is clathrinmediated endocytosis (5) (6) (7) (8) . Additional mechanisms of synaptic vesicle endocytosis have been suggested based on electrophysiology, live cell imaging and electron microscopy (2) (3) (4) 9) .
Dynamin, a large GTPase, was proposed to have a global and essential function in all forms of synaptic vesicle endocytosis based on studies of dynamin mutants (shibire) in Drosophila (10) , peptide microinjection studies (11) and pharmacological block (12) (13) (14) . However, all of these experimental models result in an inhibited dynamin protein that may have dominantnegative effects mediated by the extensive network of proteinprotein interactions in which dynamin participates. The occurrence of dynamin-independent mechanisms of synaptic vesicle retrieval after very intense repetitive stimulation has been reported recently (15) . Thus, to fully understand the contribution of dynamin to different modes of synaptic vesicle recycling, it will be useful to examine these processes in neurons from dynamin KO mice.
Recently, endocytosis was investigated in neurons lacking dynamin 1 (16) , the neuron-specific dynamin isoform and by far the most abundant dynamin in neuronal cells. Imaging studies of these neurons based on the pH-sensitive synaptic vesicle probe synaptopHluorin demonstrated a selective block of endocytosis during high frequency stimulation. Electron microscopy revealed a striking accumulation of endocytic clathrin-coated pits at a subset of synapses (predominantly inhibitory synapses), but a massive occurrence of bulk endocytosis after acute stimulation with a prolonged depolarizing stimulus (16, 17) . One interpretation of these ultrastructural observations is that dynamin is implicated primarily or exclusively in clathrin-coated vesicle fission, but not in bulk endocytosis.
To gain further insight into the impact of the lack of dynamin 1 on different modes of synaptic vesicle retrieval, we have now examined this process with high precision and temporal resolution at the calyx of Held, a giant glutamatergic synapse in the brainstem. We report a selective contribution of dynamin 1 to slow endocytosis, a process thought to be accounted for predominantly by clathrin-mediated endocytosis (5, 12) .
Results and Discussion
Ultrastructure of Calyces of Held Lacking Dynamin 1. The overall appearance of dynamin 1 KO and wild-type (WT) calyces was very similar (Fig. 1A , yellow area). In both genotypes, synaptic vesicles, including vesicles docked at active zones (AZs), were abundant ( Fig. 1B) , although synaptic vesicles of mutant calyces were slightly larger and more heterogeneous in size ( Fig. 1 B-E), as previously observed in dynamin 1 KO neurons in culture (16) . The massive accumulation of clathrin-coated pits that is present at a subset of dynamin 1 KO neurons in culture, and which may reflect cell-type specific properties or spontaneous network activity (17), was not observed at mutant calyces.
Endocytosis Is Not Affected After Weak Secretory Stimuli. Pilot experiments revealed that various parameters of synaptic transmission [such as frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs), or kinetics of EPSCs] were not significantly different between controls and KOs. However, the amplitude of EPSCs elicited by action potentials was smaller at the KO synapses (data not shown).
Compensatory endocytosis, which occurs in response to stimulation was monitored by membrane capacitance (C m ) measurements (18) via direct patch-clamping of the calyx (19) (20) (21) . When 5 action potential-like (AP-L) depolarization pulses (1 ms, ϩ20 mV at 100 Hz) were applied to a control presynapse ( Fig. 2A  Top) , a brief presynaptic calcium current was activated in response to each pulse ( Fig. 2 A Bottom) . No changes in membrane conductance (G m ) (with the exception of a very transient increase upon interruption of the stimulus) or in series conductance (G s ) were produced by each pulse. However, a small, transient increase in C m was detected immediately after the short train (Fig. 2B) , reflecting the net increase in the surface area of the presynaptic membrane induced by the stimulus-dependent exocytic response. The C m increase recovered to the base line (endocytosis) with a rapid mono-exponential decay (Fig. 2B) . While the time course of C m recovery varied widely from synapse
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to synapse, the average time constant was 18.6 Ϯ 2 s (n ϭ 15) (Fig. 2C) , which is comparable with the results obtained at the rat calyx of Held by C m measurements (13, 22) and at small central synapses by pHluorin measurements (5, 14, 23, 24) .
When the same experiments were performed at dynamin1 KO synapses, a smaller increase in C m was observed, consistent with the smaller EPSC amplitudes described above. However, a time course of membrane recovery ( ϭ 20.4 Ϯ 3 s, n ϭ 12; P ϭ 0.63 compared with control) similar to that recorded in controls was observed (Fig. 2C) . C m recoveries in response to the (smaller) secretory responses evoked by a single AP-L stimulation were also comparable in KO and control synapses ( ϭ 12.1 Ϯ 1.7 s, n ϭ 6 for control; ϭ 10.6 Ϯ 1.4 s, n ϭ 7 for KO; P ϭ 0.51) (Fig. 2C) .
Endocytosis Fails to Scale with an Increased Secretory Response. The effect of a stronger stimulus on the time course of endocytosis was then tested. Stimulation of a control synapse with a 20 ms (ϩ10 mV) depolarization triggered a large presynaptic calcium influx (Fig. 2D) , and in turn a large C m increase, without affecting in a substantial way G m and G s . C m subsequently recovered to baseline with an exponential decay (Fig. 2E) . After this stimulus, the amplitude of C m increase was higher in control than in KO synapses (Fig. 2F ). More importantly, the C m decay in this case had a significantly slower time course in KO ( ϭ 62.7 Ϯ 6.6 s) than in control synapses ( ϭ 30.7 Ϯ 4.7 s; P ϭ 0.0012) (Fig. 2F) . In fact, recovery of C m occurred nearly in a smaller increase in C m and a slower recovery at KO synapses (red, ϭ 62.7 Ϯ 6.6 s, n ϭ 9 synapses) relative to controls (black, ϭ 30.7 Ϯ 4.7s, n ϭ 7 synapses; P ϭ 0.0012 s). (G and H) Averaged I Ca traces (G) and total calcium influx (H) evoked by a single pulse (20 ms, ϩ10 mV) at control (black, n ϭ 7) and KO synapses in 2 mM CaCl 2, (red, n ϭ 9) and 6 mM CaCl2 (pink, n ϭ 6). (I) Averaged C m changes evoked by a single pulse (20 ms, ϩ10 mV) at KO synapses in 2 mM CaCl 2 (red) and 6 mM CaCl2 (pink). Note that higher calcium influx did not affect the slow phase of C m recovery but induced the appearance of an early fast component of recovery. In all fields, blue lines represent fitted curves.
linear fashion, suggesting saturation of endocytic capacity at KO synapses.
Unexpectedly, presynaptic calcium currents evoked by a 20 ms pulse were smaller in dynamin1 KO synapses ( Fig. 2 G and H) . This finding, which may reflect the impact of the lack of dynamin 1 on the traffic of calcium channels, or on their regulation via indirect effects on signaling pathways, was not further investigated. To assess the potential impact of decreased calcium influx on endocytosis at KO synapses, extracellular CaCl 2 was increased from 2 mM to 6 mM to compensate for the lower calcium permeability. Elevated extracellular CaCl 2 (6 mM) clearly overcompensated for the decreased calcium influx at the KO synapses ( Fig. 2 G and H) and induced a slightly larger C m increase. C m recovery under these conditions exhibited a doubleexponential decay with the presence of a fast component that was barely detectable at physiological calcium concentrations (Fig.  2I ). The predominant (slow) component of C m recovery, however, was not affected by the increased calcium concentration. The occurrence of fast endocytosis upon increase of extracellular CaCl 2 may reflect a direct action of calcium on endocytosis or be the consequence of an enhanced secretory response produced by higher calcium. For example, fast endocytosis may be unmasked only when the secretory response exceeds a certain threshold.
The Speed of Fast Endocytosis Is Not Affected by the Lack of Dynamin
1. Fast and slow endocytosis were shown to coexist in several model nerve terminals after intense stimulation (12, 22, (25) (26) (27) . To determine a potential differential impact of the absence of dynamin 1 on these two phases of endocytosis, an even stronger stimulus, i.e., a series of 10 depolarization pulses (20 ms, ϩ10 mV, 10 Hz), was applied ( Fig. 3 A and B) . This stimulus elicited a large C m increase at wild type synapses and the poststimulus C m recovery clearly exhibited both a fast and a slow component, which fit a double exponential function (Fig. 3A) . The fast component was generally smaller at KO (136 Ϯ 15.9 fF, 24.5 Ϯ 2% of total recovery, n ϭ 12; P ϭ 0.005) than at control synapses (351 Ϯ 66 fF, 39.3 Ϯ 4.6% of total recovery, n ϭ 11), possibly due, at least in part, to a smaller secretory response (Fig. 3C) . However, the time constant of this fast component was the same in KO and in controls (Fig. 3D ). Once again, the slow component of C m recovery was slower at KO synapses (Fig. 3E ).
Saturation of Slow Endocytosis at Dynamin 1 KO Synapses.
When the data shown in Figs. 2 C and F and 3C were pooled, the differential impact of the progressively stronger secretory bursts (i.e., C m increase) on the time course of endocytosis became apparent. At control synapses, but not at KO synapses, the overall speed of endocytic recovery scaled with the increase in surface area (i.e., with the increase in C m ) at the end of the stimulus (Fig. 4 A and B) . This difference was mainly accounted for by a difference in the speed of the slow component of the compensatory endocytic response, i.e., the component that accounts for the majority of C m recovery. Plotting the half-time (t 1/2 ) of the C m recovery mediated by slow endocytosis against the C m increase shows that control and KO curves overlap after very weak stimuli and then strongly diverge, with a much longer t 1/2 at KO synapses (Fig. 4C ). More strikingly, plotting endocytosis speed against C m changes reveals a trend toward saturation of endocytosis speed in both genotypes. However, maximal speed is lower, and is reached after much smaller increases in surface area, at dynamin 1 KO synapses. The previous study of synaptic vesicle endocytosis in dynamin 1 KO neuronal cultures employing pHluorin-based assays also revealed an activitydependent requirement for dynamin 1, but had suggested that dynamin 1 was not required for endocytosis upon interruption of the strong stimulus (16) . While the reason for this difference remains to be explained, the present data unambiguously reveal an endocytic defect after a strong stimulus at an excitatory synapse in the central nervous system.
To analyze this saturation in more detail, progressive changes in the rate of endocytosis during the build up of an increasing endocytic load were examined. Because continuous capacitance measurements cannot be performed during high frequency stimulation, a low frequency train was used. Changes in C m signals (Fig. 5A Middle) were recorded during the stimulation intervals of a train of 25 depolarization pulses (20 ms, ϩ 10 mV) at 1 Hz (Fig. 5A Top) . During such intervals G m and G s were stable, except for a very transient increase ( ϭ ϳ73.6 ms) of G m immediately following each pulse (Fig. 5A Bottom) . To avoid this stimulation artifact (13, 22) , only the last 500 ms of each 960 ms interval (between arrows, Fig. 5D ) were used for subsequent analysis (Fig. 5 E and F) . Calcium currents and step-like C m increases were observed after each pulse in the train (Fig. 5A ) and the amplitude of each C m step gradually decreased, reflecting a progressive decrease of neurotransmitter release. The C m decay after each pulse was strongly accelerated at control synapses during the first several pulses and then it appeared to reach a plateau (Fig. 5 A, C, and E) . In contrast, at KO synapses, C m decay after each pulse occurred with similar speed throughout the train (Ϸ38 fF/s, see supporting information (SI) Materials and Methods) (Fig. 5 B, C, and E) , suggesting that the endocytic capacity is already saturated after the first stimulus.
The increase in endocytic speed at control synapses may reflect a progressive engagement of fast endocytosis, which does not appear to occur under the 1 Hz stimulation at KO synapses (Fig. 5E) . As a result of the difference in endocytic speed, cumulative membrane retrieval at KO synapses fell behind control synapses early in the train and was half of control levels at the end of the train (Fig. 5F) . A main conclusion of these experiments is that even with this protocol of stimulation, the key difference between control and KO synapses is an earlier saturation of the endocytic capacity. Note that the overall increase in C m was lower at KO than control synapses throughout the train, as seen above for other patterns of stimulation. Because endocytosis at control synapses better offsets the increase in C m during the stimulus train, the observed difference in C m increase between the two genotypes underestimates the overall difference in the secretory response.
Clathrin-Mediated Endocytosis Is Impaired at Stimulated Mutant
Synapses. It had been proposed that fast and slow endocytosis represent clathrin-independent and clathrin-dependent membrane retrieval, respectively (5, 12, 28) . Consistent with this possibility, previous ultrastructural studies of dynamin 1 KO synapses revealed a striking activity-dependent accumulation of clathrin-coated pits, while bulk endocytosis induced by a strong stimulus still occurred (17) . To determine whether the endocytic delay observed in dynamin 1 KO calyces is because of an impairment of clathrin-mediated endocytosis, electron microscopy on stimulated calyces was performed. Inspection of preparations subjected to electrical stimulations revealed a poor preservation of morphology that was incompatible with reliable ultrastructural analysis. Such analysis was therefore performed on calyces from brainstem slices incubated for 90 s in high (90 mM) K ϩ solution (Fig. 6) .
While clathrin-coated endocytic intermediates were observed in both WT (Fig. 6A ) and KO synapses (Fig. 6B) , the number of such intermediates was much higher in KO synapses (Fig. 6D) . Furthermore, clathrin-coated pits with a long tubular neck, reflecting a defect in vesicle fission, were only observed in KO synapses ( Fig. 6 C and D) . Most likely, based on previous tomographic studies of dynamin 1 KO synapses (16, 17) , evencoated profiles without a neck represent buds rather than free vesicles. These results strongly support the hypothesis that the slower endocytic recovery observed at dynamin 1 KO synapses is primarily or exclusively because of an impairment of clathrinmediated endocytosis (12) .
Very Large Endocytic Events Do Not Require Dynamin 1.
Recently, Wu and Wu reported the occurrence of large downward C m steps at the calyx of Held, thought to reflect large endocytic events (29) . The nature of these events is unclear because the size of the vacuoles involved, as predicted by capacitance measurements [20-500 fF, corresponding to a diameter of 0.8-4.1 m for a spherical vesicle (29) ], greatly exceeds the size of typical vacuoles involved in bulk endocytosis (range from 100 to 400 nm in diameter), as documented by electron microscopy studies (7, 17, 30, 31) . The same events have been described at pituitary nerve terminals (32) . Occasionally, during our C m recordings, similar stepwise downward capacitance events were observed (Fig. 7  A-C) . Note that G m did not change and that G s only underwent a very minor and transient change. Based on the equivalent electrical circuit of the recording (Fig. 7D) and on the amplitude of the capacitance change involved in each endocytic step, the Magnified view of the traces shown in A in response to the first two pulses. The rate of membrane recovery was calculated as the slope of a line that fits the C m signal during the last 500 ms interval (between two arrow heads) after each pulse. (E) At control synapses (black trace, n ϭ 11), the endocytic rate increased during the first few pulses of the 1 Hz train, and then reached a relatively stable level. In contrast, the endocytosis rate was constant during the entire train at KO synapses (red trace, n ϭ 13). The right ordinate shows the predicted endocytic capacity (vesicles/s/AZ), based on published estimates of the number of AZ per calyx. (F) The cumulative retrieval of presynaptic membrane during the train was approximately double in control compared with KO synapses.
conductance (G p ) and the diameter (G d ) of the fission pore can also be derived with high temporal resolution (29, 32) , thus yielding information about the time course of fusion pore closure. In the example shown in Fig. 7 A and B , the fission pore diameter decreased from Ϸ10 nm to 0 (i.e., fission) within Ϸ220 ms (Fig. 7C) .
A population of these events were recorded at both control (36 events from 16 synapses) and dynamin 1 KO (41 events from 20 synapses) synapses. In both groups their size varied widely, with the smallest steps occurring more frequently (Fig. 7E) . Their time course was also quite variable, ranging from tens to hundreds ms (Fig. 7F ). While they were more frequently observed during the recovery of capacitance after a strong stimulation, they also occurred at random during the control recording before stimulation (Fig. 7G) . No significant differences in their properties, including the speed of fission pore closure (Fig.  7H) , were observed between the two genotypes, ruling out a role for dynamin 1 in their occurrence.
Concluding Remarks. We conclude that the critical difference between control and dynamin 1 KO calyces of Held synapses is the efficiency of slow endocytosis. In the absence of dynamin 1, this predominant component of the endocytic response still occurs and leads to complete membrane recovery. However, the speed of this process no longer scales with the endocytic load and capacitance recovery following a strong increase in surface area is delayed. Thus, a main function of dynamin 1, i.e., the dynamin isoform that accounts for the overwhelming majority of total dynamin in nerve terminals (16) , is to enable the presynapse to accommodate high levels of slow endocytosis in response to a strong endocytic load. It is of interest, in this respect, that both dynamin 1 levels (16, 33) and endocytic capacity (27) increase during the maturation of the nervous system. Fast endocytosis, which becomes prominent after a very strong high frequency stimulus and which may be mediated by bulk endocytosis (28) , can still occur, and with a similar time course, in the absence of dynamin 1. The occurrence of bulk endocytosis at dynamin 1 KO synapses was clearly demonstrated by electron tomography and by electron microscopy studies of the uptake of extracellular tracers (17) . One piece of evidence for the role of dynamin in fast endocytosis is the blocking effect by GTP␥S (12) . We note, however, that GTP␥S also has strong effects on GTPases that control actin dynamics, a process likely to participate in bulk endocytosis (34) .
Because the rate and time course of the slow component of endocytosis increases in a continuous fashion in response to progressive C m increases, this component is likely to be accounted for by a single endocytic mechanism. Our previous and present ultrastructural studies indicate that clathrin-dependent endocytosis likely accounts for this slow form of recovery (5, 7, 12) . A major (or exclusive) contribution of clathrin-mediated endocytosis to slow endocytosis is consistent with previous conclusions obtained at wild type synapses based on dynamic imaging of pHluorin-tagged synaptic vesicle proteins (5).
It will be of interest to determine whether the remaining dynamin 1-independent slow endocytosis depends on dynamin 2 and/or 3. The presence of the highly abundant dynamin 1 may become critical only when a high endocytosis speed is needed. After weak secretory responses, the absence of dynamin 1 may not be rate limiting and the demand for dynamin activity may be met by dynamin 2 and/or 3.
Materials and Methods
Dynamin 1 KO mice were outbred to mice of the CD-1 genetic background for 2-3 generations. This genetic background helped to more reliably prolong their lifespan to Ϸ2 weeks thus facilitating experiments at the calyx of Held. All of the experiments were performed on littermate offspring at 8 -11 days of age (P8 -11), roughly the age of hearing onset in mice (P12-13).
Preparation of mouse brainstem slices (160 -200 m) including the Medial Nucleus of the Trapezoidal Body (MNTB) and whole-cell patch clamp recordings (EPC10 -2, HEKA) at the calyx of Held were carried out as described previously (20) . The internal solution contained (in mM) 135 cesium gluconate, 20 tetraethylammonium chloride (TEA-Cl), 5 Na 2-phosphocreatine, 10 Hepes, 4 MgATP, 0.3 Na 2GTP (pH 7.3, 300 -310 mOsm) and EGTA (0.2 or 5 mM for preand postsynaptic recording respectively). C m measurements were performed at the presynapse by the Sine ϩ DC technique (18, 35) . A linear regression line obtained from the C m trace before stimulation (5-10 s) was subtracted from the C m trace to correct the Cm baseline drift (13, 22, 27) . The first 400 ms of Cm after each pulse were omitted for analysis unless otherwise specified to avoid capacitance changes unrelated to synaptic transmission (13, 22) . Average traces were calculated across individual Cm traces, error bars were shown every several seconds for clarity. Large endocytic events were analyzed as described (29, 32) , using detection threshold of 15 fF. Detailed methods are described in the SI Materials and Methods. Endocytic rates were measure at RT (20 -22°C) and they may be an underestimate of in vivo rates because of the temperature dependence of endocytosis (27) .
For electron microscopy, pups (P 8 -11) were perfused transcardially with 2% paraformaldehyde-2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) and then processed as described previously (16, 17) (see SI Materials and Methods). For the high K ϩ stimulation, slices prepared as described for electrophysiology were transferred to a 90 mM K ϩ buffer for 90 sec at RT, and finally fixed and processed for electron microscopy as above. Ultrastructure quantification was performed by using the iTEM software (Olympus).
All of the data were analyzed by using Igor Pro. 6.03A (Wavemetrics). Values were given as mean Ϯ SEM. The significance of the difference was evaluated by the Student's t tests (two-tailed distribution) unless otherwise noted. P Ͻ 0.05 was taken as the level of significance. (1, 2) mice were outbred to CD1 mice for 2-3 generations as this was found to enhance the health of dynamin-1 KO pups and prolong their lifespan to ϳ2 weeks. All of the experiments were performed on littermate offspring at 8-11 days of age (P8-11). Brainstem slices (160-200 m) containing MNTB were prepared as described (3, 4) ; the extracellular solution contained (in mM) 120 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate and 25 glucose (pH 7.3-7.4, 310-320 mOsm). Slices first were preincubated for 30-60 min in extracellular solution at 36°C, and then were kept at room temperature (RT, 20-22°C) for the subsequent electrophysiology and electron microscopy experiments (Fig. 6 ).
Presynaptic Membrane Capacitance Measurement. Whole-cell patch clamp recordings from post-or pre-synaptic cells at the calyx of Held were made via double EPC10-2 amplifier (HEKA) (3). Patch pipettes were regularly coated by Sylgard (WPI) and had a resistance of 3-6 M⍀. Series resistance (R s ) was compensated up to 85%, and the remaining R s were corrected off-line for evoked EPSC recording. The internal solution for postsynapic recording contained (in mM) 135 cesium gluconate, 20 tetraethylammonium chloride (TEA-Cl), 5 Na 2 -phosphocreatine, 10 HEPES, 4 MgATP, 0.3 Na 2 GTP, and 5 EGTA (pH 7.3, 300-310 mOsm), the same solution containing 0.2 mM EGTA was used for presynaptic C m recording. For postsynaptic recording, 10 M bicuculline methiodide and 2 M strychnine hydrochloride were included in extracellular solution. All of the recordings were performed at RT (20-22°C).
Capacitance measurements were performed at presynapse with the lock-in extension of the Pulse software via EPC10-2 amplifier (HEKA) by using Sine ϩ DC technique as described (5, 6) . One kHz sine waves (60 mV peak-to-peak amplitude) were superimposed on the membrane holding potential (-80 mV), the reversal potential in the lock-in software was set as 0 mV. Extracellular solution included 1 M tetrodotoxin (TTX) and 10 mM TEA-Cl for C m recording. No preselection was performed for choosing presynapses with short axons. For an AP-L pulse, either a 1ms ϩ 40 mV pulse following a 4 ms ϩ 60 mV prepulse (7) or a 1 ms ϩ 20 mV pulse were used. The endocytosis time courses for both pulses were very similar and pooled together for each genotype. Presynaptic currents were corrected offline by a P/n leak-subtraction protocol. Slow drift of C m baseline were often observed during C m recording, a linear regression line obtained from Cm trace (5-10 s) before stimulation was subtracted from C m trace to correct the C m baseline drift (8) (9) (10) . The first 400 ms of capacitance signals following each pulse was omitted unless otherwise specified to avoid capacitance changes unrelated to synaptic transmission (9, 10) . The amplitude of exocytosis (C m jump) was measured as the difference of C m value between the baseline and the C m trace during 400-600 ms after stimulation. For calculation of average Cm traces in the figures, each single Cm trace was first averaged at 200-ms intervals, the average traces were calculated across individual C m traces in each group point by point, and the error bars were shown in every several seconds for clarity.
The time course of endocytosis (C m recovery) was fitted by a single or double exponential function with free parameters in most cases. At KO synapses, intensive stimuli evoked a nearly linear C m decay in the recording time window (Fig. 4B) ; the fixed exponential fitting parameters were applied in this case, which may underestimate the time course of C m recovery. To avoid the potential fitting bias, the time course of slow endocytosis was also quantified as t 1/2 of slow capacitance recovery (Fig. 4C ). The endocytosis rates in Fig. 4D were derived from the slope of the fitting line of the initial C m decay (ϳ2).
Based on the date reported for the rat calyx of Held: capacitance of a single vesicles with a diameter of 46 nm ϭ ϳ60 fF (11) [see also (12, 13) ]; number of active zone per synapse ϭ 554 (7, 14) , the endocytosis rate can be derived for individual AZ as shown at the right axis of Fig. 5E , which is ϳ1 vesicle/AZ/sec in the dynamin1 KO calyces.
Analysis of the Large Endocytic Events:. The C m trace was first low-pass filtered at 30 Hz, and the peak time of the C m differentiated trace was defined as the ''time'' of the event relative to the stimulus. Only those events which are larger 15 fF and had no correlated G s and G m change were included for analysis. The fission pore conductance (G p ) and fission pore diameter (D p ) were calculated as following (15, 16) :
where C mb is the amplitude of the event, C m is the capacitance at any given instant, and C m0 is the capacitance of the presynapse after completion of the event. f is the frequency of sine waves (1 kHz).
where p is the resistivity of the bath solution (100 ⍀ cm), and p is the length of the channel of the putative fission pore (ϳ15 nm, which equals to the thickness of two bilayer membrane). The C m traces containing down-step events were first captured from original traces in a 2-sec time-window. A straight line was then fit to the C m trace at the 100-500 ms interval after each event and subtracted from the C m trace to correct for baseline decay. The amplitude of each event was calculated as the capacitance difference between the mean value of the capacitance within 600-200 ms before the event and 100-400 ms after the event.
The speed of fission pore closure was calculated from the slope of the regression line that fits the curve of fission pore diameters during the time comprising 20-80% of the event.
Electron Microscopy. Both WT and dynamin1 KO pups (P 8-11) were anesthetized deeply with chloral hydrate (0.4 mg/g) and perfused transcardially with ice-cold physiological saline for 3-4 min followed by a 0.1 M sodium cacodylate buffer containing 2% paraformaldehyde and 2% glutaraldehyde (pH 7.4) for 5-7 min, and then the brains were stored overnight in fresh fixative at 4°C. Brainstem regions containing MNTB were cut into 200-m thick vibratome sections, postfixed with 1% osmium tetroxide, stained en block with 2% uranyl acetate, dehydrated and flat embedded in Embed 812. Electron microscopy reagents were purchased from Electron Microscopy Sciences. Ultrathin sections were observed in a Philips CM10 microscope at 80 kV and images were taken with a Morada CCD camera (Olympus). Vesicle diameter was measured manually in iTEM (Olympus) as the outer diameter of vesicular structures within a 1ϳ2 M rectangular area containing several AZs. Diameter along the longer axis of the vesicle was measured for ellipsoid vesicles; only the vesicles between 20-80 nm were included for analysis of vesicle diameter (Fig. 1C and D) . For the analysis of specimens exposed to high K ϩ stimulation (Fig. 6) , brainstem slices were prepared as described for the electrophysiology experiments and preincubated for 30-60 min in the extracellular solution at 36°C. Slices were then preincubated for 3-5 min in the extracellular solution at RT before stimulation, and subsequently transferred to either fresh extracellular solution or to a high K ϩ buffer (in mM: 52 NaCl, 90 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, pH 7.3, 304 mOsm) for 90 s at RT and finally fixed and processed for electron microscopy as described above for the cardiac-perfused brain tissue.
